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REMARKS 

Favorable reconsideration, reexamination, and allowance of the present patent 
application are respectfully requested in view of the foregoing amendments and the 
following remarks. The foregoing amendments are fully supported, at least, by the 
original claims, and do not present new matter. 

Objection to the Claims 

At page 3 of the Office Action, Claims 19 and 21 were objected to for allegedly 
containing informalities. Applicants respectfully request reconsideration of this 
objection. 

Claims 19 and 21 have been amended to overcome these objections. 

For at least the foregoing reasons, Applicants respectfully submit that the Claims 
are not objectionable, and therefore respectfully request withdrawal of the objection 
thereto. 

Rejection under 35 U.S.C. §112, second paragraph 

In the Office Action, beginning at page 4, Claims 14-16, 19, and 21 were rejected 
under 35 U.S. C. § 1 12, second paragraph, as reciting subject matters that allegedly are 
indefinite. Applicants respectfully request reconsideration of this rejection. 

Claim 14 has been cancelled without prejudice, and claims 15, 16, and 21 have 
been amended to correct the antecedent basis. Claim 19 has been amended to delete the 
objectionable language. 

For at least the foregoing reasons, Applicants respectfully submit that the Claims 
fully comply with 35 U.S.C. § 112, second paragraph, and therefore respectfully requests 
withdrawal of the rejection thereof under 35 U.S.C. § 112. 

Rejection under 35 U.S.C § 112, first paragraph 
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In the Office Action, beginning at page 4, Claims 12-22 were rejected under 35 
U.S. C. § 1 12, first paragraph, as reciting subject matters that allegedly being indefinite 
and failing to comply with the written description requirement. Applicants respectfully 
request reconsideration of this rejection. 

Claim 12 has been amended to specify the amino acid sequence which is encoded 
by the aspartate aminotransferase gene as the amino acid sequence of SEQ ID NO. 2. 
Furthermore, claim 12 has been amended to specify that the bacterium is modified by 
increasing expression of the aspartate aminotransferase gene by either increasing the 
copy number of the gene or modifying an expression control sequence of the gene. These 
methods for increasing gene expression are well known and routinely practiced in the art, 
and therefore are adequately described both in the present specification and the prior art. 

Furthermore, Claim 19 has been amended to eliminate clause (b), and hence 
remove the objectionable language. 

Regarding the thrABC genes in Claim 21, the source of the genes is recited as E. 
coli. These genes in E. coli have been described in the prior art, and Claim 21 has been 
amended further to specify the means for enhancing gene expression. 

These amendments adequately address each of the ennumerated points on page 5 
of the Office Action, and those specified on pages 6-7 regarding "an extremely large 
genus' 5 of nucleic acids. It is asserted that the claimed invention is adequately described 
in the specification, particularly when viewed in light of the prior art. 

For at least the foregoing reasons, Applicants respectfully submit that the Claims 
fully comply with 35 U.S.C. § 1 12, first paragraph, and therefore respectfully request 
withdrawal of the rejection thereof under 35 U.S.C. § 1 12. 

In the Office Action, beginning at page 8, Claims 12-22 were rejected under 35 
U.S.C. § 1 12, first paragraph, as reciting subject matters that are allegedly not enabled by 
the specification. Applicants respectfully request reconsideration of this rejection. 
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As stated above, Claim 12 has been amended to specify the amino acid sequence 
which is encoded by the aspartate aminotransferase gene as the amino acid sequence of 
SEQ ID N0.2. Furthermore, claim 12 has been amended to specify that the bacterium is 
modified by increasing expression of the aspartate aminotransferase gene by either 
increasing the copy number of the gene or modifying an expression control sequence of 
the gene. The recited methods for increasing gene expression are well known and 
routinely practiced in the art, and would not require undue experimentation for the 
ordinarily skilled art worker. 

Furthermore, Claim 19 has been amended to eliminate clause (b), and hence 
remove the objectionable language. 

Regarding the thrABC genes in Claim 21, the source of the genes is recited as E. 
coll These genes in E. coli are known in the prior art, and Claim 21 has been amended 
further to specify the means for enhancing gene expression. 

These amendments adequately address each of the ennumerated points at the top 
of page 9 of the Office Action. It is asserted that the claimed invention is completely 
enabled by the specification, particularly when viewed in light of the prior art. 

For at least the foregoing reasons, Applicants respectfully submit that the Claims 
fully comply with 35 U.S.C. § 1 12, first paragraph, and therefore respectfully requests 
withdrawal of the rejection thereof under 35 U.S.C. § 1 12. 

Rejection under 35 U.S.C. § 103(a) 

In the Office Action, beginning at page 13, Claims 12-22 were rejected under 35 
U.S.C. § 103(a), as reciting subject matters that allegedly are obvious, and therefore 
allegedly unpatentable, over the disclosure of Katsumata et al. in view of the disclosure 
of Debabov et al, Edwards et al, and further in view of Kishino et al. Applicants 
respectfully request reconsideration of this rejection. 

The present invention relates to a method for producing L-threonine comprising 



8 



Att'y Dkt. No.:US-115 



U.S. App.No: 10/673,786 



cultivating an L-threonine producing E. coli which has been modified to enhance the 
activity of aspartate aminotransferase, otherwise known as AspC. 

Many types of aminotransferase enzymes are known, and their substrate 
specificities are each different. For example, it is described in the left column of the page 
7639, J. BacterioL, 187, 7639-7646 (2005) [EXHIBIT A], that 16 types of 
aminotransferases exist in E. coli, and 14 types in Corynebacterium glutamicum. These 
aminotransferases are involved in the synthesis of many kinds of amino acids. It is not 
clear from the prior art, however, which type of aminotransferase is effective for 
increasing a production of L-threonine. 

Katsumata et al disclose L-threonine production using an aminotransferase gene 
cloned from Corynebacterium glutamicum; however, it is clear that the disclosed gene is 
not the aspartate aminotransferase depicted in SEQ ID NO. 2. In fact, it is not clear what 
type of aminotransferase is encoded by the prior art gene. As the Office Action 
acknowledges, Katsumata et al. does not teach production of L-threonine, nor the 
aspartate aminotransferase of SEQ ID NO. 2. 

Debabov et al., Edwards et al, and Kishino et al fail to make up for the 
deficiencies of Katsumata et al. Debabav et al. also fails to teach the aspartate 
aminotransferase of SEQ ID NO. 2, but teach increased expression of thrA, thrB, thrC, 
and rhtA. Since there is no disclosure of the aspartate amiontransferase of SEQ ID NO. 
2, this reference fails to make up for the deficiency of Katsumata et al. 

Edwards et al is cited for disclosing that aspartate aminotransferase is effective 
for L-phenylalanine production in E. coli. However, the L-threonine biosynthesis 
pathway is completely different from the L-phenylalanine biosynthesis pathway. 
Namely, L-phenylalanine is generated from phenyl pyruvate acid by transamination 
catalyzed by aminotransferase, whereas L-threonine is not generated by direct 
transamination catalyzed by aminotransferase. From this teaching, one of ordinary skill 
in the art would not have been able to determine or deduce that increasing the expression 
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of the aspartate aminotransferase gene of E. coli would be effective for producing L- 
threonine, since the production pathway of L-phenylalanine is completely different from 
that of L-threonine. Therefore, Edwards et al. fails to make up for the deficiencies of 
Katsumata et al.. 

Kishino et al teach the use of low copy vectors in preferred strains of E.coli for 
L-threonine production, they fail to teach the method of increasing expression of the gene 
of SEQ ID NO. 1 to increase L-threonine production. Therefore, Kishino et al. fail to 
make up for the deficiencies of Katsumata et al.. 

Neither the primary reference of Katsumata et al., nor any of the secondary 
references, teach L-threonine production in E. coli which have been modified to have 
increased gene expression of the aspartate aminotransferase gene, depicted in SEQ ID 
NO. 1 and encoding a protein depicted in SEQ ID NO. 2. Furthermore, no combination 
of the teachings would suggest such a teaching. As the main feature of the claimed 
invention, the connection between the increase in gene expression of the gene encoding 
aspartate aminotransferase of SEQ ID NO.2 and the increased production of L-threonine, 
is not remotely suggested by the cited references, either singly or in any combination. 

For at least the foregoing reasons, Applicants respectfully submit that the subject 
matters of the Claims, each taken as a whole, would not have been obvious to one of 
ordinary skill in the art at the time of Applicant's invention, are therefore not 
unpatentable under 35 U.S.C. § 103(a), and therefore respectfully request withdrawal of 
the rejection thereof under 35 U.S.C. § 103(a). 



10 



Att'y Dkt. No.:US-115 



U.S. App.No: 10/673,786 



Conclusion 

For at least the foregoing reasons, Applicant respectfully submits that the present 
patent application is in condition for allowance. An early indication of the allowability of 
the present patent application is therefore respectfully solicited. 

If Examiner Ramirez believes that a telephone conference with the undersigned 
would expedite passage of the present patent application to issue, she is invited to call on 
the number below. 

It is not believed that extensions of time are required, beyond those that may 
otherwise be provided for in accompanying documents. However, if additional 
extensions of time are necessary to prevent abandonment of this application, then such 
extensions of time are hereby petitioned under 37 C.F.R. § 1.136(a), and the 
Commissioner is hereby authorized to charge fees necessitated by this paper, and to credit 
all refunds and overpayments, to our Deposit Account 50-2821 . 



U.S. P.T.O. Customer No. 38108 

Cermak & Kenealy, LLP 

515 E. Braddock Road, Suite B 

Alexandria, V A 22314 

703.778.6608 

Date: October 19, 2006 



Respectfully submitted, 




Shelly Guest Cermak 
Registration No. 39,571 
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Twenty putative aminotransferase (AT) proteins of Corynebactenum glutamicum or rather 

have been achieved thus far. 



As inferred from the genome sequences, bacteria possess a 
number of aminotransferase (AT) proteins which, according to 
the KEGG entries, amount in the proteobacterium Escherichia 
coli to at least 16 and in the actinobacterium Corynebactenum 
glutamicum to 14 different proteins. The majority of these 
proteins are involved in amino acid synthesis, or ammo acid 
intcrconversion, but also in the synthesis of biotin and porphy- 
rin (10, 12). All ATs are pvridoxal-5'-phosphate (PLP)-depen- 
dent enzymes, where PLP forms the aldimine intermediate 
during transfer of the amino group from the incoming amino 
acid to an a-keto acid forming a new amino acid (20). Mow- 
ever the Pi P-aldimine intermediate enables a wide variety oS 
further reactions such as, for instance, C-S lyase activity by 
a ^-elimination or decarboxylation (13). Due to the mechanis- 
tic similarity of PLP-catatyzed reactions, the large number of 
AT proteins present, and their closely related structure, it is 
usually difficult, if not impossible, to derive the luncuon ot 
these proteins solelv based on sequence studies. 

An additional distinct feature of the ATs is their overlapping 
substrate specificity, which often leads to the nonexistence ot a 
phenotype if one of them is absent. Thus, in E. coli the three 
ATs encoded bv iyrfl. aspC, and HvE are involved in. the syn- 
thesis of the aromatic amino acids, and the individual m vivo 
contribution of each of these ATs could only be studied when 
the other two respective genes were inactivated (7). Another 
example is the contribution of dapC and argD to i.-lysine syn- 
thesis in E. coli (16) and C glutamicum as well, with the latter 
organism possibly even possessing a third activity (9). 

As mentioned above, a large number of bacterial ATs are 
involved in amino acid synthesis, and it is clear that these 
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proteins are of special relevance for amino acid production 
with C glutamicum. Functionally identified ATs of this organ- 
ism include the W-succinyl-2,6-diaminopimelatc AT {dapC) in- 
volved in the synthesis of L-lysine, of which 650,000 tonnes per 
vear (tty) are produced with C. glutamicum (5), as well as ilvE, 
encodine the branched-chain AT necessary for i,isoleucme 
production (26). Mutant studies further identified the genes 
(and respective enzymes) bioA (adcnosylmcthioninc-8-amino- 
7-oxononanoate aminotransferase) (10), argD (tf-acetyl-orni- 
thine AT) (29), and pat and pdxR (involved in aromatic ammo 
acid and pvridoxal-5 '-phosphate synthesis, respectively) (19). 
Furthermore, an activity has been identified that uses (.-alanine 
as the amino donor (17), thus resembling AvtA ot E. colt (37). 
The function of some of these ATs was derived from a recent 
bioinformatic approach identifying a total of 21) sequences with 
similarities to ATs in the genome of C. glutamicum (19). How- 
ever bioinformatic and mutant analyses failed to identity spe- 
cific ATs such as, for instance, the corresponding counterparts 
to avtA, aspC, or tyrB of E. coli. 

Based on the recent bioinformatic study, we here isolate the 
AT proteins of C glutamicum to study their activity with a 
varietv of substrates. Together with in vivo studies, this inves- 
tigation is an attempt to make a functional assignment, ot the 
ATs known from the genome analysis of a bacterium. 

MATERIALS ANT) METHODS 

Bacteria, plasmids, and growth conditions. The strains and plasmids used are 
listed in Table 1 The standard medium for coli was Lima broth. C. 
cum was precultivated on brain heart infusion (Ditco) with subsequent cultiva- 
tion on the. minimal medium CGXH (5). When appropriate, chloramphenicol 
{ 25 mo liter 1 ) or kanamvein (15, 25, or 50 mg liter" ») was added to the medium, 
grown at 30 or 37*C, and C H U«amicum was grown *^ 

Construction of plasmids IMasmids were consumed ,n h coh } Dl MAL K 
from FCR-gpneraied fragments (Expand High Fidelity PC R km Roche >ug- 
— »bv using C ATCC ^^^^^^^ 

consiruci pMM Ihc upstream pnmcr 3 -ATGGATGGTCTCAAATGA JC 



7639 



7640 MA RTENHAGEN ET AL. 



J. B,u:n.:uiOi.. 



Strain or plasm id 



Strains 
E coh DHSoMCR 



TABLE 1. Strains and plasmids used 



Rc 1 c van t ch a r ac I e ris t i cs' ; 



r wdA l su P E44 thi-1 A- recAlvr.m relA, deoR M)acZYA-ar,F)Um *80dterZAM15 
mcrA \{mn-'hselRMS-maBC\ 



Reference 
or source" 



C. glutamicwn 
ATCC 13032 
WTMtvE 
WTAfl/a T 
WTAaroT 

WTHalaT MlvE 
WTAaroT MlvE 
WTMtvrA MlvE 



WT 

WT deleted of a 1,050-nt fragment of ilvE 
WT deleted of a 1,260-nt fragment of ahiT 
WT deleted of a 972-nl fragment of aru 7 
WT deleted of a 1,107-nt fragment oUiviA 

WT d ed of a 1 260-nt fragment of alaT and a 1 050-nt fragment oUlvk 
WT deleted of a 972-nt fragment of ' aroT and a UbO-nt iragmcnt oi >W 
WT deleted of a 1,107-m fragment of«H and a 1.050-nt fragment of „VE 



ATCC 
This study 
This study 
This study 
This study 
This study 
This study 
This study 



Plasmids 

P ASK-1BA-3C 

pSMargD 

pSMitvE 

pSMav/A 

pSMirfaT 

pSM07H0 

pJMaroT 

pMhisC 

pJWieinE 

pM2355 

pSM249J 

pSMsufS 

pSUserC 

pJUbioA 

pJMaspT 

pJMaecD 

plMdapC 

pJMpdxR 

P m0462 

pJM/022 
pKl9mobsacB 
p Kl9mobsacBAfiVE 
pK19mobsacB:WflT 
pfCl 9 m obsacBAaro "f 
pK1.9mobsacBA//vi/l 



Vector for heterologous gene expression in E coU Cm* onV^ ietR 
pASK-TBA-3C with argD ( 1467379-1467398 M^48-i46^^> 

PASK-IBA-3C with aroT (233279-233256, 232260-232279) 
PASK-IBA-3C (2217588-2217565, 22 16494-221 65 Id 

PASK-IBA-3C with he.nL (462560^^81 4^7^7) 2585927 _ 258 5909) 

pASK-IBA-3C with the eodtng sequence NC^ jj ^ _;^ 53 274i 637-274i657j 

dASK-IBA-jC with the coding sequence ol .\CgC4Ji t-.-i- i. 

DASK-IBA-3C (1649407-1649388, 1648100-1648122) _ 

n\SK-IBA-4C with serC (877121-87710J, 875985-876005) 

pASK- BA-3Cwith kioA (2770718-2770737, 2771983-2771961) 

pASK- BA-3C with aspT (256620-256641, 257^2*7874) 

pASK-IBA-3Cwith aecD (2444610-2444632, 2445710-244,691 

pASK-IBA-3C with dapC (1149282-1 149300. 1 b()3 /9- 1 M,,,9) 

^K-IBA-3C with^R ^^fS^U^soi^ 502920-502901) 
pASK-IBA-3C with the coding sequence o NCg 046 O - - % 1298339-1298319) 

Integration vector; Km" wil'/a- m'/ A-nt/f . mmn „ ffll! (2336998-2^5949) 

P a " d o a 972-nt foment of the C. filummiewn chromosome l^^^O 

S to delete a 1,107-W fragment of the C. g<~™ chromosome (276 O U^,6..0U) 



This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 
31 

This study 
This study 
This study 
This study 



r^S&t«- -U, see ,, « 
* ATCC. American Type Culture Collection. 



TOT( 4GGATGCAGGTGAT-3' usei1 Tne underlined se 9"™« .f 
t f*F. and <o nucleotide. («, 22-17040 ,„ 233702, of the 

<; oenome sequence BA000036. As the downstream pnmer -AK- 

AT* The sequences common to all primers used for gene amplification are. 
Menftca! to those given in boldface for JMT. The resulting fragments were Bsal 

Germany. According, the open read.ng frames of the other IV genes en od ng 
potential ATs were cloned into p.ASK-lBA-3C. To enable chromosomal da e- 
Oons Of ,69-:, alaf. aroT, and nA, crossover VCR was applied 1 18) to generate 
e defined fragment of approximately 875 bp in size carrying upstream and 

otstream sequences of about equal size of the respective open rea mg nume 
c„ be deleted. The fragments were elonc-d into pKWmobsacB via thou attached 

Lm sites. The plasmids made eventuaUy enabled a denned — 
deletion, a, specified by the nucleotide numbers oi the wild-type |W 1 ) chron.o 

"c^lon of strains. C ***** was transformed * 

r 3 4,. The AT deletion mutants were constructed by using pKlOmofeacBiiW.. 



pKl'imobsacBAafaV. pKU-mobsacB^,,,,?'. and pkBlmobsacB^n ,1. res- 
tively Clones were selected for lanamyein resistance to establish integration ot 
,he Plasmid ,n the chromosome. In a second round of positive selection by using 
sucrose romance, clones were selected for deletion u the vector 1,1 1 
deletion, in the chromosome were verified by PCR analysis us.ng primers 1 y- 
brid'ng approximately 500 bp upstream and 500 bp downstream ol the ope, 
reading frames in question. _ 

Heterologous gene expression and protein purification. Th. ,0 J- 
D „M R strains, each one harboring a different P ASK-1BA-3C denvate en- 
codl, .Tpliitial AT were grown until the optical density a, a,0 ,.m reached O.a. 
Z ill. bv adding 10 pi of anhydrotetracychne (2 nrg ml '), , c cu iture 
wc c mcubatcd for 3 h at WC. The cells were handed by een r.fug .on a 
t 000 rpm for 12 mm at 4«C. Crude extracts were obtained by sonthcat on UMdg 
a Branson Son.iier 250 Cmtensity, 2; duty cycle. 20% 4 nun; Branson. £j*u*. 
CT) while coolma on ice. After removal of the cellular debris by eentrdugation 
(15 min. 14.000 r P m. TO, all preparation procedures « ^ 
Una s' W o-Tactin Sepharose and the .V/ re/ Mag Protein i'ur.hca, on Bukr i, 
S GmbH. Gottingen, Germany). Puri^^^o^ -. *^- 
butter ( 100 n,M Tris-HCl (pH t). 150 m.M NaCl. I mM BU r.A, at 20 L IIk, 
ilmity c»f the potential AT p.oicns wore confirmed by using nratr.x-ass.sted 
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laser desorpuon ioniziuion-iimc-of-fiight mass spectrometry (MALJDI-TOF- 
MSj, Protein cunccnlraiions were determined by using a RCA Protein Assay Kit 
(Pierce, Rockford, UVj. 

MALBL-TOF-MS. For MAi DLTOF-MS, protein spots stained with Cuomassie 
brilliant blue were excised from the sodium dodccyl sulfate gel and washed three 
times with 75*1 ,ij of 30<* CH,CN-100 mM NH4HCO,. After drying rite gel pieces 
and Kswtfllinu them in 12 u-1 of 3 mM NH 4 H( O, containing 5 ng of modihed trypsin 
(Promega, Mannheim, Germany), digestion was carried out overnight at .VTC. 
Flu ion of the peptides from the gel was performed by the addition of 10 «1 oi 30% 
ai,CN-U.l% iriftuoroaceuc acid. For MAIDI-TOF-MS, 2 u.1 of each supernatant 
was mixed with 0.5 l0 of saturated a-cyano-4-hydroxycinnamic acid matrix (20 mg 
mi ; ) prepared in 0.25% triiluoroacelic acid-50% aceiunilriic. "I his mixture was 
spotted onto the sample probe, and MALDI mass spectra were obtained with a 
PcrScpiivc Biosystems Voyager DE STR mass spectrometer (PerSepnve Biosys- 
.en-s Langen. Germany). For calibration of the mass spectrometer, the Sequazime 
peptide mass standard kit (Applied Bioscience, Wieterstadt, Germany) was usea. 
Monoisotopic masses were assigned and used for in-house database searches of the 
C. ;-lutamkui». genome performed with ihc Gpmaw software (Lighthouse Data. 
Odensc. Denmark). 

C rude extracts. C. tfiiiamkum was grown in minimal medium until the optical 
density at 600 nm reached 10 (exponential phase V The ceils were harvested by 
centrifugatiun for 15 mm at 4,000 rpm at 4X\ All preparation procedures were 
performed at 4*C. The pellet was washed twice with 20G mM Tris-HCl (pll 8) 
and was resu^pended in the same buffer. Crude extracts were obtained by son- 
ieation, and after centrifugal ion (15 ruin, 14,000 rpm, 4°C) the supernatant was 
desalted with PD-I0 columns (Pharmacia, Uppsala, Sweden) and kept on ice 
until enzyme assays were performed. 

Enzyme assays. The AT assay contained 200 mM Tris-HCl (pf I 8), U.2:> mM 
pvndoxai-5'-phosphate, 4 mM keto acid, and 50 mM L-aminn acid. The reaction 
was started by the addition of purified protein or crude extract (in 1 ml) and was 
performed at 30°C. Several 50-u.l samples were collected over a period of 20 mm. 
The reaction was terminated by mixing each sample with 30 u.1 of 5% perchloric 
yod and ^% ethanol. After the sample was neutralized by the addition oi 20 ul 
of 20 mM Tris-HCl (pH 8) buffer with 23 mM K,CO,, the precipitated salts were 
removed bv centrifugation (10 min, 13,000 rpm). Subsequently, amino acids were 
quantified bv high-pressure liquid chromatography as their ,,-phthaldchyde de- 
rivative. Assays were linear over time and proportional to the prorem concen- 
tration used. . „ 
T he cysteine desulfurase assays were performed with 50 mM 1 -cysteine and „3 
mM pvridoxal-5*-phosphaic in 20 mM Tris-HCl (pH 8). The reaction mixture 
was incubated hi ambient temperature for 2.5 h, and samples taken at dillerent 
points in time to quantify the f-alanine formed by high-pressure liquid chroma- 
tography. 

RESULTS 

isolation of AT proteins and activity tests. Application of 
hidden Markov models identified 20 genes in the genome of 
C etiitamicum putaiivetv encoding ATs (19). We cloned all 
of these *enes into pASK-IBA-3C, expressed them in E. coh, 
and isolated the proteins fused at their carboxy-termmal ends 
with Strep-ias,!! via affinity purification. In each case, 0.6 to 2.4 
ma of protein was obtained from a 100-ml culture. The protein 
was pure as judged by SDS-PAGE analysis. Us identity was 
confirmed bv MALDI-TOF-MS. 

Due to our interest in L-isolcucinc synthesis with C. glutanu- 
cum (22), we first focused on branched-chain amino acid syn- 
thesis. All 20 proteins were individually assayed with amino 
donor 1 -Gin, i.-Ala, L-Asp, or L-Gln using as the amino accep- 
tor 2-oxo-3-mefhylva!erafe (O-Ilc), 2-oxo-isocaproafe (O-Leu), 
or 2-oxo-isovalerate (O-Val). In addition, the L-Ile intermedi- 
ate 2-oxo-butyrate (O-But) was assayed, which is known to be 
formed during r.-Ile production (38). Product formation was 
followed over time, and the results where detectable ammo 
acid formation occurred are shown in Table 2. In order to 
avoid confusion in the nomenclature, the enzyme names re- 
sulting in the course of the studies are already given m this 
table "oi" the 20 proteins, 5 exhibited AT activity with O-Ilc, 



TABLE 2. Activities of the AT proteins of C. glummicum wall 
delectable activities toward branched-chain amino acid 
intermediates or 2-oxo-butyraic 



ArgD 



llvE 



AvtA 



AlaT 



NCgl078n 



AroT 



HisC 



NCgKl462 



Amino 
donor' 3 



i.-Glu 
l .-Ala 
I.-Asp 
L-Gln 

r-Glu 
i,-Glu 
1 -Giu 
i-Giu 

T - Ala 
1,- Ala 
1 .-Ala 
i.-Aia 
1. -Gin 
i.-Gln 
i.-Gln 
! -Gin 

1 .-Giu 
1 -Ala 
1. -Asp 
[-Gin 

i.-Giu 
1 .-Giu 

i. -Giu 
i.-Ala 
i-Asp 
I .-Gin 
i.-Glu 
i.-Ala 
i -Asp 
1. -Gin 
L-Glu 
T -Ala 
1, -Asp 
i.-Gln 

t.-Glu 
i.-Ala 
L-Asp 
i.-Gln 
1 .-Giu 
i.-Ala 
1 -Asp 
1 -Gin 

1 -Giu 
1 - Ala 
i.-Gin 



Amino 
acceptor 



O-But 
O-But 
O-But 
O-But 

O-Ile 
O-Leu 
O-Va! 
O-But 

O-lle 

O-Leu 

O-Val 

O-But 

O-Ile 

O-Leu 

O-Val 

O-But 

O-But 
O-But 
O-But 
O-But 

O-Leu 
O-But 

O-Leu 
O-Leu 
O-Leu 
O-Leu 
O-Val 
O-Val 
O-Val 
O-Val 
O-But 
O-Bul 
O-But 
O-But 

O-Leu 
O-Leu 
O-Leu 
O-Leu 
O-Bul 
O-But 
O-Bul 
O-Bul 

O-But 
O-But 
O-But 



Sp act c 
(p.mol min" 1 mg 
of protein" 1 ) 

0.1 
0.1 
0.1 
0.1 

9.6 
13.9 
13.7 

4.3 

3.7 

0.9 
18.2 
27.5 

0.1 

0.1 

0.1 

0.1 

5.4 
3.0 
2.3 
0.7 

0.1 
0.2 

1.3 
0.8 
0.1 
0.1 

0.1 
0.1 
0.1 
0.1 
LI 
0.7 
0.1 
0.1 

0.8 
0.1 
0.4 
0.1 
0.2 
0.1 
0.1 
0.1 

0.1 
0.1 
0.1 



■•' Fither names or NCal numbers arc given. See also Table 4. 

» Amino donors are given as their three- tetter code: ammo acceptors arc a, 
follows: Olie, 2-oxD-3-mcthylvaJcratc; O-Leu, 2-oxo-isoeaproate: 0-\al -oxo- 
isovalcraic: and O-But, 2-oxo butyraie. 

'■ 0 1 means detectable amino acid formation compared to the othur U A is 
not included in the table. Each value represents the average ol at lean two 
independent assays. 



O-Leu O-Val, and O-But, and 3 additional AT proteins had 
weak activities with O-But only but not with the ultimate 
branched-chain amino acid intermediates. With the other 12 
j re found in these assays. The highest 



proteins no activities vver 
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activities were not only present for IlvE, which had been pre- 
viously identified (26), but also for the AT termed AvtA. The 
latter AT uses L-Ala as the amino donor instead of L-Giu and 
thus resembles transaminase C of E. coli (37), and a corre- 
sponding activity of C glutamicum was recently described (17). 

IlvE and AvtA affinities. As mentioned, the identified pro- 
teins, IlvE and AvtA, have the highest specific activities with 
the substrates assayed, but they use different ammo donors. 
The ilvE gene was originally isolated by complementation of a 
mutant of C glutamicum requiring all three bnmched-cham 
amino acids (26), and therefore an in vivo function of AvtA is 
not directly apparent. We therefore determined the substrate 
affinities for both proteins in Lineweaver-Burk plots (not 
shown) With the amino donor L-Glu the K m (mM) for IlvE 
was 0.23 (O-Ile), 0.15 (O-Leu), 0-63 (O-Val), and 1.42 (O-But). 
For AvtA with L-Ala as amino donor the K m values were 3.52 
(O-IIe), 16.84 (O-Leu), 2.5 i (O-Val). and 0.60 (O-But). This 
agrees with the view that the major function of IlvE is synthesis 
of the branched-chain amino acids and that O-But aminatton 
probablv represents a side activity of this protein. Compared to 
this. AvtA has weak affinities for the branched-chain amino 
acid intermediates. The highest affinity and also activity (Table 2) 
was present for O-But, an activity that may not be considered 
to represent a housekeeping function. No activity of AvtA was 
detected with the substrates glycine and pyruvate. 

In vivo IlvE and AvtA function. In order to analyze in vivo 
branched-chain amino acid synthesis, we deleted avtA mdilvE 
in the chromosome of the WT of C. glutamicum ATCC 13032. 
singly or combined, and assayed growth on mineral salts me- 
dium WTMlvE was fully dependent on i.-Ile and i -Leu supply 
but not on the supnlv of L-Val (Fig. 1). In contrast, WTAaviA 
did not exhibit a phenotype on CGXII (not shown). This illus- 
trates that in vivo, at least for L-Ile and L-Leu synthesis, IlvE is 
dearly the major AT activity. The situation with t-Val is dif- 
ferent WTtelvE still exhibits significant growth without L-Val 
addition, which is disabled in WYMvE&aviA (Fig. 2). There- 
fore, AvtA contributes to L-Val synthesis in vivo, and the avtA 
deletion is silent unless ilvE is deleted as is similarly the case 
tor E. coli (2). We did growth experiments with strain WT&aviA 



to pursue the idea that AvtA might, actually be necessary to 
cataboltze externally supplied L-Ala, performed on complex me- 
dium brain heart infusion, as well as on salt medium CGXII with 
or without 20 mM L-Ala, but these investigations were without 
observable effects. 

As a further characterization of the in vivo function, activi- 
ties in crude extracts of the WT and the mutants grown on 
CGXII were compared (Table 3). From the comparison of WT 
with WTbavlA we conclude that (i) AvtA has highest activities 
with O-Val and O-But as has the isolated protein (Table 2), (h) 
there is no further Ala-dependent activity for O-Val formation, 
and (iii) there are further Ala-dependent activities for O-But 




FIG ? i -Val synthesis by AvtA. The salt medium CGXII was 
supplemented with L-Ile plus L-Leu. The isogenic mutants, derived 
from C. glutamicum WT, ate as indicated. 
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TABLE 3. Specific activities in crude extracts of mutants" 



Ammo 
donor 



i-Glu 



I -Ala 



Amino 
acceptor 


Sp act (^.rnol ruin '' mg 


of protein 1 ) 


WT 


WTAflvf/1 


WTMlvF. 


O-Ile 


38 


35 


<1 


O-Leu 


44 


45 


<1 


O-Val 


24 


2! 


<1 


O-But 


61 


55 


18 


O-Ile 


5 


<l 


3 


O-Leu 


<1 


< 1 


<1 


O-Val 


19 


<1 


16 


O-But 


49 


35 


26 



were done twice with variations of <\2%. 



" Measurements wen 

formation, in WTAiH all Glu-dependent formation of 
branchcd-chain amino acids is absent, but there is still Glu- 
dependent formation of aminobutyrate, which agrees with the 
large number of candidates identified in Table 2. 

Identification of AroT. In Table 2, the protein subsequently 
identified as aromatic AT, AroT, attracted attention since 
among the substrates assayed it had the highest activities with 
O-Leu and i.-Glu as substrate. McHardy et al. (19), who 
termed this gene pat, observed an auxo trophy for Leu/Ile/Phe 
(supplied together) when inactivated in an ilvE background, 
suggesting that the gene under consideration encodes an aro- 
matic AT We therefore assayed for activity with the substrates 
phenylpyruvate (O-Phe) and 4-hydroxyphenylpyruvate (O-Tyr) 
using L-Glu as an amino donor. The specific activities (>mol 
muT' mg of protein '" 1 ) were 13.6 (O-Phc) and 8.8 (O-Tyr), 
respectively, confirming the function of the protein as an aro- 
matic AT/ The detectable activity with O-Leu as substrate 
(Table 2) is not surprising since the aromatic and branchcd- 
chain ammo acids share a strong hydrophobicity. Also, aro- 
matic amino acid AT TyrB of E. coli was shown to exhibit weak 
activity with O-Leu (25). Based on the finding that the 
branchcd-chain AT FlvE of E. coli shows activities for the 
formation of O-Phe and O-Tyr (7) and the mutant study with 
C glutamicum (19), we also assayed IlvE of C glutamicum fpr 
its "specificity toward aromatic substrates. A remarkably high 
activity (pmol min 1 mg of protein j ) of 10.7 was obtained 
with 6-Phe as substrate and 2.4 with O-Tyr. This might explain 
that the single pat inactivation did not result in an aromatic 
amino acid requirement (19). 

identification of AspT. in further assays with the other iso- 
lated AT proteins we searched for the aspartate AT, which is 
of prime interest for the synthesis of the asp ar tat e-de rived 
amino acids (14). These enzymes belong to the class I AT 
proteins (20), of which C. glutamicum possesses nine candi- 
dates (19). Since the function for three of them has been 
identified (9; this study), we assayed selected ATs with [.-Asp 
and O-Glu as the substrate. With the protein encoded by 
NCgl0237 an activity was found. It was 10.7 u,mol mm 1 mg oi 
protein" 1 identifying the protein as AspT. 

Identification of AlaT. Another AT of interest is that con- 
verting pyruvate to L-alaninc. The reason is that L-alaninc is 
occasionally formed as by-product during L-lysine or L-vahne 
production with C glutamicum and knowledge of alanine Als 
"in general is scanty. For instance, the corresponding gene of 
E colt has not vet been identified. In Table 2 wc observed one 



AT encoded by NCgl2747 which uses O-But as substrate to- 
gether with any of the four amino donors assayed. We there- 
fore deleted the gene in the WT to generate WT&ataT. 
Growth of this mutant was retarded on minimal medium 
CGXn {Fig. 3). When ail 20 amino acids were supplied to- 
gether, this" complemented the growth defect. Further assays 
identified that i.-Ala alone fully restores growth (Fig. 3). Inter- 
esting, the auxotrophy was only apparent on agar plates (see 
Discussion). The enzyme assay subsequently performed con- 
firmed L-alanine formation as the major activity. With pyruvate 
as substrate and i.-Glu as amino donor the specific activity 
(jxmol min" 1 mg of protein" 1 ) was 26.6, instead of 5.4 with 
O-But as substrate (Table 2). Furthermore, with pyruvate as 
substrate it was 1.8 with L-Asp as amino donor, 0.2 with L-Gln 
as amino donor, and 8.4 with aminobutyrate as amino donor. 
This rather broad amino donor specificity clearly distinguishes 
AlaT from all other ATs of C glutamicum (see also Table 2). 

Identification of cysteine desulfurases. Three of the AT 
proteins (NCgll500, NCgU184, and NCgU022) were isolated 
from £. coli as yellowish proteins. Their absorption spectrum 
identified them as containing pyridoxal-5 '-phosphate (not 
shown). These proteins belong to class V of ATs containing 
phosphoserinc ATs and cysteine desulfurases. As already con- 
cluded from the genomic context (19), the proteins might be 
involved in the synthesis of Fe-S complexes. In an enzyme- 
assay we observed high alanine generation from L-cysteine 
accompanied bv the unpleasant smell of sulfur-derived com- 
pounds with the proteins encoded by NCgUSOO and NCgll022 
identifying them as cysteine desulfurases. The determined spe- 
cific activities of 0.35 and 0.04 (jtmol min 1 mg of protein" ), 
respectively, were comparable to the cysteine desulfiirase IscS 
of E. coli (23). 




FIG 3 i - Ala synthesis bv AlaT. Only on the right side did the salt 
medium GCXII contain [.-Ala. At the top is shown the WT, and at the 
bottom the WT with aiaT deleted is shown. 
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TABLE 4. Overview of the ATs of C glutamicum 



NCgl 


Gene 


NCgi02l5 


aroT i 


NCgl0237 


aspT 


N'Cgl0422 


hemL 


NCgl0462 




KCgl0753 


pdxR 


NCgl0780 




NCgl0794 


serC 


NCgl 1022 




NCglltOo 


dupe 


NCgl 11 84 




NCgfl.W 


artf) 


NCgl 1500 


suf'S 


NC.il2020 


hisC 


NC»12123 


ilvE 


NCgl2227 


metC 


NC&L2355 




NCal2491 




NCgl2510 


an A 


NCgl25l5 


bioA 


NCgl2747 


alaT 



Alias(es) 



pat, ryrB 



accD 



CUiss' ! 



Metua 
el al. 



Batemann 
ct at. 



I 

I 

II 
U 
I 
I 

IV 
I 

IV 

n 

TV 
I 

in 
i 

ii 

m 

i 

ti 

T 



1,11 
III 

in 

i, n 

v 

i, ii 

V 
I 

V 

i n 

TV 
I. II 

III 

IV 
E II 
TIT 
IV 



Enzyme'' 



Aromalic amino acid AT" 
Aspartate AT* 
Ghnamate semialdehyde AT 
Bulanoalc metabolism 
Pyridoxamine-P AT 

Phosphoserine AT 
Cysteine desulfurase* 
Suecinyldiaminopirnelate AT* (9) 
Cysteine desulfurase 

AcctylornUhinc AT* 
Cysteine desulfurase* 
Hislidinol phosphate AT 
Branched-chain amino acid AT* 
Cystathionine (J-lyase* (15) 



Valine-pyruvate AT* 
AdoMei-aminooxononanoatc AT 
Alanine AT* 



Cellular function " 



Aromatic amino acid synthesis (19) 
Aspartate synthesis 
Uroporphyrinogen synthesis 
4 -Aminobulyrate am i no transferase 
Pyridoxal-P synthesis* (19) 

Serine synthesis* (24) 

Involved in NAD synthesis 

Lysine synthesis" (9) 

Assembly of FeS complex of electron 

transfer flavoprotcin 
Argininc synthesis* (29) 
Assembly of FeS complexes 
Histidine synthesis* (19) 
BCAA synthesis* (26) 
Methionine synthesis 

Glycine cleavage? 

Biotin synthesis" (10) 
Alanine synthesis* 



' The assignn 
''■ An asterisk 



: : in the left column are according to Mehta ec al. (20); those in the right column are according 
indicates experimentally derived data on enzyme- activity or function, and a reterence « g.ven ,n par, 



eo Batemann et al. (lj. 

Mithcses for dala obtained from previous i 



Activities of ArgD, DapC and HemL. The AT DapC, respon- 
sible for L-lysine synthesis, has been identified by activity deter- 
minations in crude extracts (9), and the AT ArgD, responsible for 
L-arginine synthesis; is known due to its clustering with arg genes 
in C. oluuumcum (29). These enzymes aminate the structurally 
related substrates succinyl-diammopimeiate and acetyl-ornithine, 
and in E. coli both enzymes have activities with the two substrates 
which has led to confusion with respect to the assignment of the 
proteins (3, 16). Interestingly, inactivation of dapC, together with 
argtX in C gkuamicum still enables growth of the mutant without 
supplementation (9), requiring an even further AT of sufiicicnt 
activitv to sustain tysine-independem growth. We therefore fol- 
lowed the proposal of A. Tauch (University of Bielefeld, 
Germany) that HemL might also use succinyl-diammopimeiate 
as substrate and compared the activities of the proteins m 
question. The activities (in u.mol min 1 mg of protein ' ) with 
succinyl-diammopimeiate were 1.2 with DapC, 0.006 with 
Ar«D," and <0.001 with HemL. With acetyl-ornithine they 
were <0.001 with DapC, 6.4 with ArgD, and 0.046 with HemL. 
It is doubtful whether the weak HemL activity contributes to 
L-lysine synthesis. 

DISCUSSION 

Table 4 provides a complete overview of the ATs plus some 
PLP-conlaining proteins as results from the various ap- 
proaches based on genome information for C glutamicum and 
functional studies. The PLP-containing MetC (AecD) is not an 
AT, but it has p-lyase activity toward cystathionine (27) or the 
unnatural amino acid S-(2-aminoethyi)-D,L-eystcine (35). We 
also did not find any AT activity with NCgl 249 1, which is 
adjacent in the genome to a putative T-protein of a glycine 
deavaoe svsiem. Three of the proteins were isolated as colored 
proteins and contain firmly bound PLP. They are likely to carry 



out a ^-elimination, which we have demonstrated for the pro- 
teins encoded by NCgllSOO and NCgl 1022. These are desul- 
furases that cleave L-cysteine to form alanine together with an 
enzyme cysteinyl persulfide intermediate (21). The mobilized 
sulfur is used for a number of processes, such as Fe-S cluster 
assembly, as well as the synthesis of thiamine, iipoic acid, or 
thionucleosides in iRNA. Since NCgl 1500 is part of the well- 
conserved sufABCDS operon of bacteria and plants, assisting 
in the sulfur transfer pathway for Fe-S cluster assembly (23). 
we denote this protein SufS. SufS is an abundant protein in 
C. glutamicum (30), which substantiates the idea that SufS rep- 
resents the major activity for Fe-S cluster generation. The gene 
NCgl 11 84 is arranged in synteny within the Corynehacterianeae 
with acnes of lipid synthesis and electron-transferring fla- 
voprotcins. which might eventually transfer the reducing equiv- 
alents formed during the oxidation of fatty acyl-coenzyme A 
(CoA) to /«uu-A 2 -enoyl-CoA to the membrane-bound qui- 
none pool, and the quinonc oxidorcduciasc catalyzing this 
latter activitv is also an Fe-S cluster protein. Thus, it appears 
that a more 'specific sulfur-providing pathway is necessary for 
synthesis of the Fe-S duster in the quinone oxidoreductase. 
The same holds true for the third dcsulfurase (NCgU022), 
which is clustered together with quinolinate synthetase A, an 
Fe-S protein required for NAD synthesis. 

Two of the newly identified ATs are clearly separate from 
the others: AvlA and AlaT. Biomformatic analyses currently 
recognize the AvtA structure as similar to the class f (20) or 
class I/Il structures of ATs (1"), which represent the most com- 
mon types of ATs present in C. glutamicum. Nevertheless, 
AvtA is the only AT with exceptionally high activity toward 
[-alanine as an amino donor instead of preferably using 
L-alutamate. As 2-oxo-acid, it preferably accepts O-But with 
highest activity and affinity, followed by O-Vai (Table 2). The 
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FIG. 4. Comparison of the activities of the ATs showing ^^^^^^^g^ Z IleV AroT. and 2020 was « -glutamate. The 
aromatic amino acids. 2020 is the NCgl number of the protein (see Table 4). The ammo done* 
amino donor for AvaT was 1. -alanine. 



enzyme corresponds to the transaminase C activity already- 
found in extracts of C glutamicum (17). A similar enzyme 
activity is present in E. coli 7 which has been demonstrated to 
use L-alanine or aminobutyrate as equivalent amino donors to 
animate O-Val (28). However, the in vivo function of AvtA is 
difficult to assign, since in E. coli, and C glutamicum as well, 
the aviA mutation has no phenotype. It could be that AvtA is 
involved in the adjustment of amino acid poo! sizes in C glutami- 
cum rather than fulfilling a specific biosynthesis function. ^ 

The other AT functionally distinguished and identified m 
the aenome of C. glutamicum is AfaT. Recent AT classifica- 
tions classify AlaT into family IV, of which a total of only three 
proteins are present in C. glutamicum (Table 4). AlaT is char- 
acterized by a broad specificity for the amino donor, in the 
order Glu > But > Asp (with pyruvate as acceptor) and Glu > 
Ala > Asp (with O-But as acceptor)- Knowledge of bacterial 
Ala ATs is limited, and one other AlaT is known from Pyro- 
coccu< furiosi where it serves as an electron sink to produce 
i ,Ala during fermentation of sugars (36). Of the C glutamicum 
ATs, AlaT has the highest identity (37%) to the AlaT of 
P. furiosi is. Using these structures as seed information, we pro- 
pose that yfbQ of E. coli is an alanine transaminase. Interest- 
in a t y the alaT phenotype of C. glutamicum, which is an 
t -alanine requirement on plates (Fig. 3), is not present during 
growth or the same clone in liquid culture CGXTT (not shown). 
This could be due to the overlapping AT activities and at the 
same time a different AT regulation under the two growth 
conditions used. 

As already mentioned in the introduction, there is a strong 
overlap of transamination activity for the hydrophobic sub- 
strates of £. colL which is also present in C glutamicum (Fig. 4). 
An early article already reported on wo separate activities in 
C. glutamicum for the transamination of O-Phe and O-Tyr (6), 
and these two activities were not considered likely to be iden- 
tical to IlvE (32). This agrees with the recent observation that 
an ilvE aroT double mutant (19) does not require t-Tyr for 



growth Therefore, in addition to AroT and IlvE, which both 
have comparable activities for O-Phe (Fig. 4), a further still 
unknown activity for L-Tyr is required. In E. coli AspC and 
TyrB (together originally named transaminase A) are similar 
in many respects, and both have activity toward aromatic 
amino or oxo acids (VI). We assayed AspC of C glutamicum 
with aromatic amino acids and AroT with oxo acids, but in 
neither case was any activity detected (not shown). Therefore, 
the third AT active in C. glutamicum with O-Tyr still has to be 
identified. Also, for the branched-chain amino acids there is 
overlapping AT activity. However, this depends very much on 
the specific amino acid in question. For instance, in vivo, L-lle 
appears to be exclusively synthesized via IlvE (Fig. 1), and the 
activity due to AvtA (Fig. 4) might be too low to sustain growth 
of the tlvE mutant. The situation with L-Val is different, since 
the high AvtA activity with this substrate (Fig. 4) is apparently 
sufficient to enable significant growth, and only upon deletion 
of both AvtA and IlvE is there an absolute requirement wr 
u-Vai (Fig. 2). Although there are three additional proteins— 
AvtA, AroT, and HisC— acting on 2-oxo-isocaproate to syn- 
thesize iA.cn (Fig. 4), these activities are apparently too weak 
to sustain significant growth. Whereas it is largely now clear 
which of the overlapping activities contributes to aromatic and 
branched-chain amino acid synthesis, this is less clear tor ami- 
nobutyrate formation. The largest activities have IlvE and 
AvtA (Table 3). However, as is evident from the present study, 
there arc a number of additional activities present in C glu- 
tamicum. This is not unexpected, considering the broad sub- 
strate specificity and versatility of transaminatmg activities. 
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